ABSTRACT: Response surface method and Derringer's function approach have been combined together to develop novel structural dynamic model updating technique for a damped mechanical system. Response surface models have been incorporated instead of finite element models, in order to increase computational efficiency of proposed technique. Derringer's function approach is useful in dealing successfully with multi-objective optimization type model updating problems. Few such undamped techniques have been recently developed for undamped mechanical systems by combining the benefits of response models with Derringer's function approach. This paper presents the theory and numerical application of a damped updating technique, which is based upon response models and Derringer's function approach. In this technique, updating process is formulated as an optimization problem, wherein desirability functions are formulated, based on natural frequencies, modal-assurance-criterion values, resonance and anti-resonance points of frequency response functions. Desirability functions are then optimized to evaluate updated elastic parameters in stage one and updated damping constants in stage two of proposed technique. By using this technique, total absolute errors in natural frequencies, modal-assurance-criterion values, elastic parameters and frequency response functions have been reduced to 0.02%, 0.00%, 3.69% and 0.11%, respectively.
LIST OF SYMBOLS
. In such techniques, objective functions were based upon natural frequencies and Modal Assurance Criterion (MAC) values, only. However, such techniques produce accurate results only for undamped systems. These techniques produce large errors in prediction of Frequency Response Functions (FRFs) of damped systems near resonance and anti-resonance points.
In this work, two-stage damped updating technique has been developed and successfully applied to solve a numerical updating problem. In the proposed technique; during first stage, mass and stiffness matrices are updated using the method of Sehgal and Kumar [5] . During second stage, updated mass and stiffness matrices are used in conjunction with resonance and anti-resonance points of FRFs in order to produce an updated damping matrix and hence, an updated damped FE model. Here, experimental FRFs and theoretical FRFs of undamped damaged beam have been compared and used to define the error indices based desirability functions, which were later optimized, using the proposed technique to evaluate the corrected damping constants of beam structure. Success of the technique is verified numerically by applying it for updating the FE model of a damaged damped cantilever beam structure.
THEORETICAL DESCRIPTION OF PROPOSED UPDATING TECHNIQUE
Proposed FEMU technique is based upon RSM and Derringer's function approach. Here, updating is performed in two stages, as explained in following sub-sections. Figure 1 shows the basic flow chart of first stage of proposed technique. During this stage, natural frequencies and MAC values of undamaged and damaged beams are evaluated using Matlab R [7] . Then experimental design matrix is formed by using D-optimal design based values of elastic parameters in Design-Expert R software [8] . Experimental design matrix is then used to conduct simulated experiments in Matlab R to produce corresponding data set for measured natural frequencies and MAC values. Regression analysis of this data set is performed to develop Response Surface (RS) models for natural frequencies and MAC values. RS models are then checked for accuracy and significance, by using ANalysis of VAriance (ANOVA) method. If response models are not good enough, then these are modified and checked again for their adequacy. After achieving adequate RS models for all response variables, Individual Desirability Functions (IDFs) are formulated using Derringer's function approach as per (1) (1)
FIRST STAGE OF PROPOSED UPDATING TECHNIQUE
dj =                                            ωi − ωiLL ωiT − ωiLL , ωiLL ≤ ωi ≤ ωiT ωiUL − ωi ωiUL − ωiT , ωiT < ωi ≤ ωiUL 0 , ωi < ωiLL or ωi > ωiUL       1 ≤ j ≤ n 2       1 , M ACii ≥ M ACiiUL M ACii − M ACiiLL M ACiiUL − M ACiiLL , M ACiiLL < M ACii < M ACiiUL 0 , M ACii ≤ M ACiiLL       n 2 + 1 ≤ j ≤ n ,
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where d j is j th desirability function; i and j are integers; n is the total number of responses; ω i is response surface predicted natural frequency of i th mode; ω iLL , ω iT , ω iU L are the lower limit, target value and upper limit of ω i , respectively; M AC ii is response surface predicted MAC value of i th finite element mode of undamaged beam with i th finite element mode of damaged beam; M AC iiLL and M AC iiU L are the lower limit and upper limit of M AC ii , respectively. All IDFs are then combined to produce an Overall Desirability Function (ODF) by using (2), thereby transforming the complex multi-objective type FEMU problem to a rather simpler single-objective type.
where n is total number of responses in the updating process. RS model of ODF is developed. Maximum value of ODF is evaluated, using an algorithm available in the Design-Expert R software. Thereafter, corresponding updated values of the elastic input parameters are extracted from the RS model of the ODF. These updated elastic parameters are then used to develop an updated undamped FE model in Matlab R . This updated undamped FE model is ready to be used as input in second stage of the technique.
SECOND STAGE OF PROPOSED UPDATING TECHNIQUE
As drawn in Fig. 2 
Second stage of updating aims at identifying the values of α and β, which are further processed to develop the updated damping matrix and updated damped dynamic responses, such as damped FRFs. Updated mass and stiffness matrices of first stage of FEMU are used for developing FRFs of undamped damaged beam, which are then compared with the FRFs of damped damaged beam. Then, experimental design matrix is formed for structural damping constants α and β. This is performed by using D-optimal design method. Experimental design matrix is then used to produce corresponding data sets for peaks and valleys of FRFs. Then, regression analysis is used to develop RS models for peaks and valleys of FRFs. RS models are further checked for their accuracy and significance by using ANOVA method. If response models are not good enough then these are modified and checked again for their adequacy. After achieving adequate Second stage of updating aims at identifying the values of and , which are further processed to develop the updated damping matrix and updated damped dynamic responses, such as damped FRFs.
Updated mass and stiffness matrices of first stage of FEMU are used for developing FRFs of undamped damaged beam, which are then compared with the FRFs of damped damaged beam. Then, experimental design matrix is formed for structural damping constants and . This is performed by using D-optimal design method. Experimental design matrix is then used to produce corresponding data sets for peaks and valleys of FRFs. Then, regression analysis is used to develop RS models for peaks and valleys of FRFs. RS models are further checked for their accuracy and significance by using ANOVA method. If response models are not good enough then these RS models for all response variables, IDFs are formulated as per (4):
where, d j is the desirability function, related to j th peak / valley of frequency response function, F RF i is response surface predicted value of i th peak / valley of frequency response function, F RF iLL , F RF iT , F RF iU L are the lower limit, target value and upper limit of F RF i , respectively. All IDFs are then combined to produce an ODF by using (2) thereby transforming the complex multi-objective type FEMU problem to a rather simpler single-objective type. Maximum value of ODF is then searched out, which is further used to find out the updated values of structural damping constants of FE model. Updated values of damping constants are then used to produce the damping matrix and hence, an updated damped FE model, damped FRFs and corresponding error indices. Finally, an updated damped FE model and damped FRFs are obtained at the end of second stage of proposed updating technique.
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NUMERICAL APPLICATION OF PROPOSED UPDATING TECHNIQUE
Proposed FEMU technique has been used for updating the FE model of a damaged cantilever beam structure, shown in Fig. 3 . The beam is having dimensions 910 × 49 × 7 mm 3 , density 6728 kg/m 3 and Young' modulus of elasticity as 200 GPa. Perturbation has been introduced into the FE model of damaged beam structure, by reducing the value of modulus of elasticity of six elements, as per the data provided in Table 1 . Six damage locations have been selected in such a way, so as to distribute these over entire length of beam. Additionally, damping is added to the damaged beam by keeping both the structural damping constants, as 0.05. Here, updating is performed in two stages. First stage of updating is used to evaluate the damages, while second stage is used to identify the updated damping matrix. Table 2 . It is clear from these results that responses of undamaged beam do not match with corresponding responses of damaged beam. So, input elastic parameters of FE model of undamaged beam were updated using first stage of the proposed FEMU technique. This was performed by using the objective functions, based upon refined response models of natural frequencies and MAC values [4] . Corresponding updated values of elastic constants for six damaged elements are: 60.21, 80.37, 99.59, 59.25, 80.74 and 99.70 GPa. These updated values were used to produce an updated undamped FE (3) to generate RS models of peaks and valleys of FRF points. Variation of structural damping constants, α and β were assumed to be within a range of 0.01 to 0.1. Coded parameters D m and D k were defined in such a way that they varied linearly between -1 and +1 over the complete range of α and β respectively. ANOVA was performed for all six responses (five peaks and one valley).
Fig. 3. FE model of a damaged cantilever beam
ANOVA results indicate that all the RS models were significant and having pvalue less than 0.0001. The value of R 2 and adjusted R 2 was over 99%, which is quite satisfactory. This means that the refined RS model gave very accurate relationship between input variables and response variables. Moreover, the "Predicted R 2 " value was also above 99% for all response variables, which was also in best agreement with "Adjusted R 2 " value of above 99%. Predicted residual error sum of squares was less than 0.2 for all response variables. Very low values of predicted residual error sum of squares show that polynomial models were fitting in an accurate manner. RS based polynomial equations for all responses have been given by the regression equations (5) to (10). IDFs were formulated by using (4) in conjunction with the numerical values provided in Table 3 . IDFs were then processed further to form a single ODF as per (2) . Optimum value of the ODF was found to be 0.9981. Corresponding set of updating parameters (α and β) was found to be (0.1 and 0.05), respectively. The updated values of the elastic parameters were then used to update the damping matrix and later on to produce updated damped FE model and damped FRFs. Updated damped FRFs have been then compared with the FRFs of damaged damped beam, as drawn in Fig. 5 . It is seen that peaks and valleys of experimental and updated damped FE FRFs are now matching exactly. Before second stage, there was total absolute error of 253.02%, considering all resonant and anti-resonant points, which has been reduced to just 0.11% after second stage of FEMU. With an error reduction of 99.96%, the present FEMU technique has efficiently handled and reduced the errors in peaks and valleys of FE predicted FRFs.
